A lthough the cellular and molecular mechanisms that regulate the development of T helper type 1 cell (T H 1 cell), interleukin 17 (IL-17)-producing T helper cell (T H -17 cell) and regulatory T cell responses are fairly well understood, the specific cellular mediators and factors that control the initiation of T H 2 responses are still highly debated. Although it is certain that dendritic cells (DCs), patternrecognition receptors and cytokines secreted by DCs are key in the initiation and expansion of most effector and regulatory T cell classes, the relative importance of activated DCs and Toll-like receptor signaling in the development of T H 2 effector responses is less clear. In this issue of Nature Immunology, three papers demonstrate that DCs are not required for the generation of CD4 + T H 2 responses to protease allergens 1 , helminthic parasites 2 or antigen-immunoglobulin E (IgE) complexes in vivo 3 . Instead, all three groups identify the major histocompatibility complex (MHC) class II-positive IL-4-producing basophil as the 'professional' antigen-presenting cell (APC) that is both necessary and sufficient for the generation of type 2 immunity.
Studies have suggested that DCs adopt a fairly limited activation profile when exposed to T H 2-inducing allergens and helminths 4 . They also fail to produce IL-4, the key driver of CD4 + T H 2 cell responses. Therefore, attention has focused on identifying the accessory cells that provide the early innate source of IL-4 and soluble mediators that 'instruct' DC-mediated The long-standing view of T H 2 differentiation has revolved around this basic theory, which suggests CD4 + T H 2 cell development is driven by DCs that present antigen in the context of MHC class II and by extrinsic cellular and secreted factors that modify DC maturation and provide an early source of 14) .
Sokol and colleagues investigate the mechanisms that regulate the development of T H 2 responses after exposure to papain, a cysteine protease hydrolase enzyme from papaya that breaks down complex proteins and thus mimics the activity of proteases secreted by many T H 2-promoting helminth parasites. Although basophils are found mainly in the blood and peripheral tissues, they are rapidly recruited to the lymph nodes during a primary response to papain and in response to the soluble antigens of Schistosoma mansoni eggs 15 . Once in the lymph nodes, the basophils secrete IL-4 and thymic stromal lymphopoietin, and depletion studies suggest that basophils are critically involved in the generation of antigen-specific T H 2 responses. The conclusion reached was that basophils function as accessory cells for DC-mediated T H 2 differentiation because DCs are also rapidly recruited to the lymph nodes. Nevertheless, the specific identify of the APC population was unclear in those studies 15 . In the manuscript presented here, Sokol and colleagues show that, unexpectedly, DCs are in fact not required for the development of papain-induced T H 2 responses 1 . Although papain-primed DCs initiate the development of T H 2 responses in vivo, they are not able to induce CD4 + T H 2 cells in vitro unless basophils are included in the culture. Surprisingly, these authors discover that DCs are not even necessary, as basophils alone support the robust proliferation of naive T cells. Thus, unlike the in vitro generation of T H 1 and T H -17 responses, for which DCs, antigen and Toll-like receptor signals are sufficient, T H 2 responses exploit a distinct basophil-dependent but DC-independent mechanism. These findings are unexpected, as basophils have been thought to be MHC class II negative; however, these authors show very convincingly that some activated basophils express MHC class II. Basophils also have the molecular 'machinery' required to function as APCs, as shown by in vitro MHC class II-blocking studies. The T H 2 cells generated are also papain specific. These findings collectively provide evidence that basophils can function as professional APCs, at least for the generation of T H 2 responses in vitro.
During the in vivo generation of T H 1 or T H -17 responses, DCs encounter pathogens in peripheral tissues, where they sample foreign antigens, become activated and then migrate to the lymph nodes, where they present antigen in the context of MHC class II to naive T cells (Fig. 1) . Sokol et al. seek to determine whether basophils use a similar mechanism to initiate T H 2 responses or require DCs to escort papain into the draining lymph node, where antigen encounter occurs 1 . To answer these questions, they design a clever set of experiments in which they inject papain into the ear pinna of mice and then excise the ear at either 2 h or 24 h after injection. If DCs are needed to capture and deliver antigen to lymph nodes, rapid excision of the injection site would ablate the development of the T H 2 response in the draining lymph node. Interestingly, they find no difference in T H 2 development at 2 h and 24 h, which suggests that migratory DCs are not involved and that soluble proteins such as papain are being delivered directly to the lymph node. They also show that basophils can endocytose, process and present soluble antigens, but unlike DCs, they are not good at processing particulate antigens. They hypothesize that because most T H 2-inducing antigens from helminth parasites are excretory or secretory proteins, this mechanism would be ideally suited for the generation of T H 2 responses to large extracellular eukaryotic pathogens. 3 . Splenic basophils from infected mice also secrete IL-4 and, in agreement with the other two studies 1,2 , these cells are able to induce the development of antigen-specific T H 2 cells in vitro in the absence of DCs 3 . Yoshimoto et al. 3 show that IL-4-deficient basophils are not functional, demonstrating that the production of IL-4 by MHC class II-positive basophils is critical for T H 2 differentiation. Interestingly, basophils from naive mice have the same T H 2-inducing ability, so IgE-primed basophils do not seem to be important. Nevertheless, enhanced T H 2 responses result when antigen-IgE complexes are included in the culture, which suggests that antigen-specific IgE augments the development of antigen-specific T H 2 responses, perhaps by facilitating antigen uptake. Yoshimoto et al. 3 also discover that basophils express the lymph node-homing receptor CD62L, which indicates that basophils have the necessary 'machinery' to enter secondary lymphoid tissues where T H 2 responses are initiated. Perhaps most importantly, however, they determine that IL-3 can induce HLA-DR expression on a subset of human basophils. Thus, these important findings may not be restricted to the mouse.
Although all three groups show that MHC class II-positive basophils can initiate T H 2 differentiation in vitro in the absence of other professional APCs, it is important to confirm this mechanism in vivo. To do this, all three groups use similar and complimentary approaches to rule out the possibility that DCs are involved. Sokol et al. 1 and Perrigoue et al. 2 both use the CD11c-diphtheria toxin receptor mouse model in which delivery of diphtheria toxin effectively depletes the mice of all CD11c-expressing cells 16 . Sokol et al. show that although depletion of DCs blocks T H 1 differentiation, it has no effect on papain induced T H 2 responses 1 . Similarly, Perrigoue et al. find that these mice do not have diminished development of protective T H 2 immunity after T. muris infection 2 . Both groups also take the opposite approach by restricting MHC class II expression to DCs 17 . Here again, although MHC class II-positive DCs are adequate for the development of T H 1 responses, they are not sufficient for the development of T H 2 responses in vivo. Although IL-4 producing basophils are recruited to the lymph nodes in these studies, expression of MHC class II on basophils seems to be critical for the development of the T H 2 response. Notably, however, when the mice in which MHC class II expression is restricted to DCs are infected with T. muris and treated with a neutralizing monoclonal antibody to interferon-γ, the production of T H 2 cytokines is restored, which suggests that MHC class II-positive DCs can induce protective T H 2 responses if the counter-regulatory T H 1 response is blocked 2 . Thus, it seems that basophils are not strictly required for the Although the combined results from all three papers convincingly show that basophils can function as professional APCs and trigger T H 2 differentiation both in vitro and in vivo, studies over the past 15-20 years suggest that a variety of mediators, cell types and mechanisms are involved in the development of polarized CD4 + T H 2 cell responses. Consequently, it will be necessary to determine whether all antigen-specific T H 2 responses are initiated by this basophildependent mechanism or whether specific DC subsets or other APC populations trump basophils in some circumstances. In the studies presented here, basophils trump DCs because in addition to functioning as professional APCs, they also produce the key T H 2-differentiating cytokine IL-4. Future studies will need to determine whether IL-4-producing, MHC class II-positive basophils are required simply for the initiation of T H 2 responses or whether they are also critical in the maintenance of chronic T H 2 responses. This information will be particularly useful because it might indicate whether targeting basophils would be beneficial in the treatment of persistent T H 2-mediated diseases such as allergy and asthma. It would also be helpful to understand how basophils recognize specific allergens, proteases and parasite products and how these mediators trigger IL-4 production. Intravital imaging of basophil-T cell interactions in the lymph node in real time, as has been done with DCs, may also show how and when basophils are recruited to the draining lymph node during the initiation of an antigenspecific immune response. In conclusion, although the enigmatic basophil has been widely ignored by immunologists, the discovery that they can function as professional APCs will probably create a flurry of interest and lead to new and exciting findings about their function in the regulation of disease.
T he signaling chain DAP12 was originally described as an immunoreceptor tyrosinebased activation motif-containing signaling subunit of activating receptors in natural killer cells. It is now known that DAP12 is also an important regulator of signals sent through diverse receptor systems, including integrins, Toll-like receptors and growth factor receptors, in innate immune cells such as monocytes, macrophages, microglia and dendritic cells (DCs) 1 . In this issue of Nature Immunology, Otero and colleagues provide evidence further expanding the sphere of DAP12 influence to include control of the proliferation and survival of macrophages through regulation of β-catenin-mediated transcriptional regulation 2 . Together with previously published work, these new data establish the ability of DAP12 to control transcription through four pivotal transcription factors: NFAT 3 , NF-κB 4 , STAT 5 and β-catenin (which acts together with the lymphoid enhancer factor (LEF)-T cell factor (TCF) family of transcription factors). These findings suggest that DAP12 may function as a key integrator of transcriptional activation in innate immune cells.
DAP12 is a 12-kilodalton type I transmembrane polypeptide initially discovered as the non-covalently linked signaling component of the activating killer immunoglobulin receptor and Ly49 receptor complexes in human and mouse natural killer cells, respectively. However, DAP12 expression outside of natural killer cells was soon appreciated, and a large number of DAP12-coupled receptor systems have now been identified in myeloid cells, including TREM, SIRP-β, MDL-1, PILR-β1, Siglec H, CD200R and CD300. With the expansion of the list of known DAP12-coupled receptors has come an ever-increasing appreciation of the ability of DAP12 to regulate diverse myeloid cell functions. Mice that lack DAP12 have a complex phenotype that includes alterations in DCs, plasmacytoid DCs, macrophages, osteoclasts and microglia 1 . Mutations in the genes encoding DAP12 or the DAP12-coupled receptor TREM-2 are the cause of the rare hereditary condition known as 'Nasu-Hakola disease'. Patients with this disease suffer from rapidly progressing presenile dementia and bone cysts due to aberrant microglial function and osteoclast function, respectively 6 .
The precise mechanisms by which DAP12-coupled receptors regulate such a diverse cadre of developmental and immunological functions still await full characterization. Published work has established the requirement for DAP12 in cytoskeletal reorganization induced by macrophage colonystimulating factor (M-CSF) in developing osteoclasts 7 . Those studies also demonstrated the importance of the DAP12 transmembrane domain, which suggests that the association of DAP12 with a cognate receptor is required. Otero et al. now add a new, intriguing piece n E w s A n D v I E w s
